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A B S T R A C T

The Middle-Lower Yangtze River Valley Metallogenic Belt (MLYB) is located on the northern margin of the
Yangtze Plate (Eastern China). Ore deposits in the belt are mainly clustered in seven ore districts, and are closely
associated with Mesozoic intermediate-felsic magmatic rock. Among the seven ore districts, the Luzong and
Ningwu districts host large-scale iron resources in volcanic basins. The Makou magnetite-apatite deposit in the
southern Luzong Basin was previously interpreted to be related to a quartz syenite porphyry. In this study, we
conducted field geological studies and determined the age and geochemistry of the Makou intrusive rocks.
Petrography and electron probe micro analysis (EPMA) indicated that the Makou ore-hosting rocks have intense
albite alteration. The wallrock alteration is spatially restricted, and comprises albite alteration (Stage I), mag-
netite mineralization (Stage II), quartz-sulfide alteration (Stage III) and carbonate alteration (Stage IV) stages.
Fluid inclusions in syn-mineralization apatite homogenized at 252.2–322.6 °C, which slightly lower than is ty-
pical for magnetite-apatite deposits in the region. Field study revealed that the quartz syenite porphyry at Makou
disrupted the orebodies along clear-cut intrusive contacts, and that the quartz syenite porphyry does not contain
iron mineralization, suggesting it has no direct genetic relationship with the iron mineralization. The ore-hosting
albitite and ore-forming biotite diorite have LA-ICP-MS zircon U-Pb ages of 129.6 ± 1.2Ma and
131.2 ± 3.3Ma, respectively, and the iron mineralization was dated by mass spectrometer phlogopite 40Ar-39Ar
at 130.76 ± 0.77Ma. We propose that the Makou magnetite-apatite deposit is genetically related to the biotite
diorite, rather than to the quartz syenite porphyry in the mine pit. The biotite diorite closely resembles intrusions
related to magnetite-apatite deposits elsewhere in the region.

1. Introduction

The Middle-Lower Yangtze River Valley Metallogenic Belt (MLYB),
situated at the northern margin of the Yangtze Craton in eastern China,
is an important metallogenic province in China (Fig. 1). The belt ex-
perienced multiple stages of tectonic, magmatic and ore-forming ac-
tivity, which were closely related to regional uplift and volcanic basin
formation (e.g., Chang et al., 1991; Ren et al., 1991; Zhai et al., 1992;
Zhou et al., 2007, 2008, 2010, 2011; Yuan et al., 2008; Fan et al., 2008;
Mao et al., 2011). Most ore deposits in the MLYB are located in seven
ore districts, namely (from west to east) Edong, Jiurui, Anqing-Guichi,
Luzong, Tongling, Ningwu and Ningzhen. Among these districts, Lu-
zong and Ningwu are located in an upwarping zone and host Cu-Au
resources, whereas Edong is located in the transition between an

upwarping zone and a volcanic basin, and hosts Fe-Cu and Au re-
sources.

Iron deposits of the MLYB are commonly hosted in pyroxene diorite
porphyry or along the contact between intrusions and sedimentary
rocks, and also locally within the volcanic or sedimentary rocks. Early
research had termed these deposits “magnetite-apatite deposits”
(Ningwu Iron Ore Research Group, 1978) which is an equivalent of
magnetite-apatite deposit (Mao et al., 2008; Li, 2015). It is believed that
the magnetite-apatite deposits are closely related to several types of
magmatic rocks, such as (pyroxene) diorite (e.g., Geordie and Foster,
2000; Fan et al., 2010; Williams et al., 2005), granitoids (Badham and
Morton, 1976; London, 1992; Wolf and London, 1995), meta-volcanics
(Zhao and Zhou, 2011) and monzonite/syenite (Ghasem et al., 2012).
Most of the magnetite-apatite deposit or magnetite-apatite deposits in
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MLYB are regarded to be related to (pyroxene) diorite (Ningwu Iron Ore
Research Group, 1978; Mao et al., 2008; Zhang et al., 2011) except
some deposits such as the Makou iron deposit which was thought to be
associated with syenite. (Zhang et al., 2014).

Previous work (Zhang et al., 2014) concluded that the quartz sye-
nite porphyry intrusion in the Makou deposit was the source of the ore,
making the deposit distinctly different from typical magnetite-apatite
deposits. The Makou deposit is associated with intense feldspar al-
teration of the wall rocks. Previous investigation of the albite alteration
at Makou was limited. Some previous works misidentified the albite
alteration as K-feldspar alteration, and intensely albite-altered volcanic
rocks as “syenite intrusions”. There is a widespread occurrence of
strong albite-altered rocks in iron ore deposits in the Luzong Basin. This
has caused a lot of confusion and misunderstanding in the study of the
genesis and mineralization in the area. The Makou magnetite-apatite
deposit is considered to be the product of another period of iron mi-
neralization related to quartz syenite porphyry, which is later than the
iron deposits such as Nihe and Luhe deposits in the Luzong basin that
formed at 130Ma (Fan et al., 2014; Zhou et al., 2012a,b) and related to
porphyritic diorite. In this study, we conducted detailed field geological
mapping, EPMA, whole-rock geochemical analyses, as well as zircon U-
Pb and phlogopite Ar-Ar dating. Combining with previous findings
(Zhou et al., 2012a,b), we constrained the types and ages of the ore-
hosting wall rocks of Makou deposit, compared Makou deposit with
typical magnetite-apatite deposits in the region, and discussed the re-
lationship between iron mineralization and quartz syenite porphyry.

2. Regional geology

The Mesozoic continental volcanic basin is controlled by four deep
faults (Fig. 2; Ren et al., 1991). The exposed volcanics (800 km2) are in
unconformable contact with the Middle Jurassic Luoling Formation
terrestrial clastic sediments. Volcanics in the basin were divided into
four volcanic cycles (from old to young): the Longmenyuan, Zhuanqiao,
Shuangmiao and Fushan formations. They are exposed in a syncline and
each separated from one another along an unconformity. Each volcanic
cycle commenced with an eruptive facies, which was followed by in-
creasing lava flows and ended in a volcanic-sedimentary facies (Ren

et al., 1991; Zhou et al., 2008). The volcanic eruptions were interpreted
to have evolved from fissure-central vent style to typical central vent
style, with rock types comprising lavas and volcaniclastic rocks (vol-
caniclastics more abundant than lavas) (Fig. 2).

The approximately 40 intrusive bodies in the Luzong basin are in-
timately related to the regional volcanism (Fig. 2). These intrusions
comprise mainly (1) monzonite (in northern Luzong basin), with larger
ones represented by the Bajiatan, Longqiao and Luoling plutons; (2)
syenite, with larger ones represented by the Tudishan and Fen-
ghuangshan plutons; (3) A-type granite, with larger ones including the
Chengshan, Huashan and Huangmeijian plutons (Zhou et al., 2007,
2010; Fan et al., 2008).

The Luzong basin is endowed with Au, Cu, Fe, Pb, Zn, U, S and
alunite deposits (Fig. 2). The porphyry-type Shaxi Cu-(Au) and Dong-
gushan W deposits were discovered in the northern side of the basin.
Major deposit types in the basin include: (1) Zhuanqiao volcanic cycle-
related magnetite-apatite deposits (e.g., Luohe, Longqiao, Nihe,
Xiaoling and Dabaozhuang), high-sulfidation alunite (e.g., Fanshan)
and intermediate-sulfidation Cu-Au deposits (e.g., Jingbian-Shimen’an,
Tiantoushan, Bamaoshan); (2) Syenite intrusion-related Fe-oxide-Cu-
Au-(U) deposits (e.g., Yangqiao, Wuqiao, 3440 and 34).

3. Ore deposit geology

3.1. Stratigraphy

The stratigraphy includes mainly the Lower Cretaceous Zhuanqiao
Formation volcanics distributed to the west of the orebody and
Quaternary sediments distributed outside the ore body (Fig. 3). Vol-
canic rocks contain mainly purplish-grey to dark-grey, vesicular/mas-
sive/porphyritic trachyandesite and tuffaceous siltstone (Fig. 4a and b).
The trachyandesite contains mainly plagioclase and pyroxene. Plagio-
clase (oligoclase) grains are largely euhedral (0.5–2mm), sericitized
with occasional corroded margins. Diopside is pale yellowish green
(0.05–0.2mm). Accessory minerals include apatite and magnetite, and
the groundmass comprises subhedral plagioclase. Quaternary sediments
include humic soil, sandy clay and gravels.

Fig. 1. Sketch map showing the regional geology and the location of volcanic basins in the Middle-Lower Yangtze River Valley Metallogenic Belt (after Zhou et al., 2008).
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3.2. Structures

Faults are the major structures at Makou. Fault F1 was identified as
the ore-controlling structure by field investigation. F1, with well-de-
veloped striations and slickensides, is a steeply (72°) SW-dipping ex-
tensional shear in quartz syenite porphyry. The northern (220m long)
and southern (250m long) parts of the fault are exposed, whereas the

middle part is covered by Quaternary sediments. Diaclases are well-
developed along the shear bands with cleavage planes.

3.3. Igneous rocks

The main intrusive rock in the mine is the Makou pluton and our
field and petrographic studies indicate that the pluton is composed of

Fig. 2. Simplified geologic map of the Luzong basin, showing the distribution of major ore deposits (after Zhou et al., 2008).

Fig. 3. Geologic map (left) and cross section (right) of the Makou magnetite-apatite deposit.
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quartz syenite porphyry (Fig. 4c) which intruded and disrupted the
orebody along a clear-cut contact. The rocks are massive (Fig. 4d) and
contain mainly K-feldspar (55%), albite (30%) and quartz (10%), with
accessory minerals (5%) including apatite and zircon. Sericite alteration
is strong and the simple-twinned K-feldspar (0.5–1mm) appears cloudy
due to alteration, whilst the albite (1–5mm phenocrysts) is largely al-
tered. Anhedral quartz (0.5 mm) occurs interstitially among feldspar
grains.

Biotite diorite outcrops were found in a pluton 500m SE of Makou
(Fig. 4e), and consist of plagioclase (40%), amphibole (30%), biotite
(20%), magnetite (5%), and quartz (5%) (Fig. 4f). Microscopy petro-
graphy showed alteration rims around feldspar phenocrysts. Amphibole
(0.1–0.6 mm) is brownish green, whilst plagioclase (0.1–0.8 mm) is
albite altered and colorless.

3.4. Wall rock alteration and mineralization

Wall rock alteration at Makou is intense, and comprises dark and
light alterations. The dark alteration (Fig. 5a) is represented by mag-
netite, diopside, chlorite and phlogopite (Fig. 5b), while the light al-
teration (Fig. 5c) is constituted by albite, calcite and minor K-feldspar
(Fig. 5d). The ore-hosting wall rocks are largely albite-altered to be-
come albitite. The rocks are fleshy red, massive and medium to fine-
grained crystalline, and contain predominantly albite (95%) and trace
amount (5%) of quartz and magnetite. The albite (0.4 mm) is colorless,
twinned and appears spotty. Anhedral quartz occurs as interstitials
among feldspar grains.

The Makou is a medium scale deposit (> 1.0 million metric tonnes
(Mt)). The iron orebodies are in general layered up to 250m long and

Fig. 4. photomicrographs of the Makou magnetite-apatite deposit: (a) hand specimen and (b) thin section photomicrograph of the Zhuanqiao Formation trachyandesite; (c) hand
specimen and (d) thin section photomicrograph of the quartz syenite porphyry; (e) hand specimen and (f) thin section photomicrograph of the biotite diorite. (Pl – Plagioclase; Di –
Diopside; Kf – Potassium feldspar; Q – Quartz; Ap – Apatite; Ser – Sericite; Ab – Albite; Mag – Magnetite; Amp – Amphobole; Bt – Biotite).
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5.1 m thick, extending 50m down-dip and contain two types of ores.
The iron ores above the albite (Na-altered) trachyandesite contact ap-
pear as thin layers, veins or stockworks (vein widths: 5–50 cm), whose
orientations are strictly controlled by fracture zones, whilst those in the
lower part of the albitite appear as thick massive magnetite layers, and
intense albite alteration occurs along the ore veins.

Major ore minerals at Makou include magnetite (Fig. 5e), pyrite,
chalcopyrite, hematite and minor specularite, whereas major non-me-
tallic minerals are albite, K-feldspar, diopside, and minor apatite, bio-
tite, phlogopite, sericite, calcite, dolomite, talc, chlorite, quartz, rutile
and titanite. Magnetite grains (0.01–0.50mm) are mainly fine-grained
subhedral and minor euhedral (Fig. 5f). Magnetite in veins/stockworks
was formed by filling or replacement, and a small amount of ilmenite
was found in and around magnetite fractures. The magnetite grains in
veins/stockworks are generally coarser than those in disseminations,
and show some alteration to specularite.

3.5. Mineralization stages

The Makou alteration/mineralization can be divided into: Stage I:
Albite alteration; Stage II: Magnetite mineralization; Stage III: Quartz-
sulfide alteration; Stage IV: Carbonate alteration (Fig. 6).

Stage I: Albite alteration: The whole Makou area has alteration, but
to different extents. The alteration in the shallow area is weaker than
deep area. We identify this kind of alteration by petrography and
feldspar dyeing. Primary plagioclase has been partially altered to albite.

Stage II: Magnetite mineralization: The magnetite ore body forming
the mining area is lenticular and lens shaped. The structure of the ore is
massive, disseminated, vein and net vein. The texture of the ore is
mainly hypidiomorphic and xenomorphic granular. The mineral as-
semblage with magnetite is mainly phlogopite, apatite, diopside and
also anhydrite.

Stage III: Quartz-sulfide alteration: The sulfide overprints the mag-
netite ore body as a quartz sulfide vein. The mainly quartz-sulfide

Fig. 5. Mineralization and alteration photomicrographgraphs at Makou: (a) Field and (b) thin section photomicrograph of the Diopside-Apatite-Magnetite altered rock; (c) Field and (d)
thin section photomicrograph of the Albite-altered biotite diorite; (e) Field and (f) thin section photomicrograph of the magnetite ore rock. (Di – Diopside; Mag – Magnetite; Ab – Albite;
Ap – Apatite).
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alteration minerals are pyrite, chalcopyrite, quartz calcite and little
anhydrite.

Stage IV: Carbonate alteration is the latest stage of hydrothermal
activity. The mainly mineral are carbonate, quartz, hematite (spec-
ularite) and a trace pyrite.

4. Geochemistry

4.1. Feldspar and amphibole compositions

In this study, electron probe microanalysis (EPMA) was performed
on the feldspar and amphibole from the Makou albitite and biotite
diorite. The analyses were conducted at the EPMA laboratory of the
Hefei University of Technology (HFUT). Analytical conditions: Machine
model: JXA-8230 Acceleration voltage: 15 kV; Current: 20 nA; Beam
size: 3 μm. Standards used were the SPI 53 minerals standard. Data
correction was performed by the PRZ method, analytical accuracy was
1–5%.

EPMA data indicate that plagioclase from the Makou albitite con-
tains An compositions of 1.04–38.73, with 86.21% of the samples
falling into the albite field (Fig. 7; Table 1). Plagioclase from the Makou
biotite diorite contains An compositions of 1.19–50.01. A small amount
of K-feldspar contains Or compositions of 90.14–94.78 (Fig. 8; Table 2).
Amphibole from the Makou biotite diorite contains
B(Mg2++Fe2++Mn2++Li+)= 0.00–0.03≤ 0.50,
B(Ca+Na)=1.97–2.00≥ 1.00 and BNa=0.12–0.19 < 0.50, and
thus belongs to Ca-amphibole. The BCa=1.50–1.86≥ 1.50 suggests
that the amphibole is diopside (Fig. 9; Table 3).

4.2. Whole rock geochemistry

In this study we selected fresh biotite diorite and quartz syenite
porphyry from Makou area (Table 4), which have the characteristics
described above. The whole rock major and trace element analyses
were carried out at the ALS Global Analytical Company, Guangzhou,
China. Major elements were analyzed using X-ray fluorescence

Fig. 6. Mineralization and alteration stages and minerals of the Makou magnetite-apatite deposit.

Fig. 7. Classification diagram for the feldspars from the Makou albitite.
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spectroscopy (Norrish and Chappell, 1977). Ferric and ferrous iron ra-
tios were determined by wet chemical methods. Trace element abun-
dances, including the rare earth elements (REE), were determined by
ICP-MS with a Finnegan MAT Element II mass spectrometer. The
samples were digested with a mixture of HF and HNO3 acids in screw-
top PTFE-lined stainless steel bombs at 185 °C for 48 h, and any residues
were dissolved in HNO3 at 145 °C for 3 h to ensure complete digestion.
Details of the analytical method used are described by Dulski (1994).
Analysis of the Chinese basalt standard GSR-3 (Xie et al., 1989) in-
dicates that the precision and accuracy of the major-element data are
better than 3% and ca. 5% (2 sigma), respectively. The analytical pre-
cision of ICP-MS analysis was better than± 5% based on analysis of the
USGS BHVO-1 standard.

4.3. Ore fluid characteristics

4.3.1. Fluid inclusion types and features
According to the alteration/mineralization stages, Stage II apatite

and Stage III quartz were chosen for the fluid inclusion (FI) analysis.
Fluid inclusions are rare in Stage III quartz, and consist mainly of vapor-
liquid (two phase) under room temperature. The FIs (< 5 µm long)
appear as rounded, negative crystal or irregular shapes, and occur ei-
ther as isolated FIs or in clusters. No healed fractures are present around
these FIs, suggesting that they are mainly primary (Fig. 10a and b).
Fluid inclusions are well-developed in Stage II apatite, and are mainly
vapor-liquid FIs (no daughter minerals). Some FIs (< 10 µm long) are
irregular or ellipsoidal and isolated (Fig. 10c), and others are tabular or
needle-shaped (5–10 µm long, 2–3 µm wide) (Fig. 10d).

4.3.2. Microthermometry
The FI microthermometric analysis was conducted at the School of

Resources and Environmental Engineering (HFUT) via homogeneity
and freezing method (Lu, 1990), using a Linkam THMS600 heating/
cooling stage (−196 to 600 °C). Results (< 0.1 °C temperature differ-
ence) indicate that the FIs from Stage II apatite homogenized at
252.2–322.6 °C (average 279 °C), whereas those from Stage III quartz
homogenized at 120.1–189.2 °C (average 163.1 °C). The homogeniza-
tion temperatures are lower than those from apatite in the Ningwu area
(Ma et al., 2006), as well as those from the ore-fluids of the Nihe and
Luohe porphyrite-type iron deposits in the Luzong basin.

5. Magmatic and mineralization ages

5.1. Methods

Fresh biotite diorite and albitite from Makou were zircon U-Pb
dated (Fig. 11), and phlogopite coexisting with magnetite ores was Ar-
Ar dated. Zircons were first separated by conventional crushing, sieving
and magnetic separation techniques, and then handpicked under a bi-
nocular microscope at the laboratory of the Hebei Regional Geological

Table 1
EPMA results of the Feldspars from the Makou albitite (wt%).

Sample SiO2 Al2O3 CaO Na2O K2O Si Al Ca Na K An Ab Or

ZK376-2 68.805 18.977 0.195 11.114 0.075 3.0212 0.9821 0.0092 0.9462 0.0042 0.96 98.61 0.44
ZK376-1 68.783 19.046 0.216 11.256 0.092 3.0162 0.9843 0.0101 0.9570 0.0051 1.04 98.43 0.53
MK15-1 69.104 18.867 0.446 10.384 0.422 3.0313 0.9754 0.0210 0.8832 0.0236 2.26 95.20 2.55
MK15-2 68.581 18.970 0.513 10.695 0.306 3.0177 0.9838 0.0242 0.9124 0.0172 2.54 95.66 1.80
MK17-1 60.711 24.058 6.423 7.194 0.672 2.7249 1.2726 0.3089 0.6260 0.0385 31.73 64.31 3.95
MK17-2 61.160 23.796 5.889 7.372 0.707 2.7442 1.2584 0.2831 0.6413 0.0405 29.34 66.46 4.19
MK13-1 66.343 20.263 2.145 9.777 0.622 2.9375 1.0574 0.1018 0.8393 0.0351 10.42 85.98 3.60
MK13-2 61.160 23.796 5.889 7.372 0.707 2.7442 1.2584 0.2831 0.6413 0.0405 29.34 66.46 4.19
ZK314-1 63.027 22.450 4.574 8.141 0.670 2.8174 1.1828 0.2191 0.7056 0.0382 22.75 73.28 3.97
ZK314-2 62.902 22.518 4.627 8.356 0.614 2.8103 1.1857 0.2215 0.7238 0.0350 22.59 73.84 3.57
ZK314-3 67.482 19.723 0.947 10.316 0.588 2.9790 1.0261 0.0448 0.8830 0.0331 4.66 91.89 3.45
MK4-1 66.768 18.351 0.134 11.763 0.153 3.0072 0.9741 0.0065 1.0272 0.0088 0.62 98.54 0.84
MK4-2 65.755 18.195 0.125 10.968 0.158 3.0138 0.9829 0.0061 0.9747 0.0092 0.62 98.45 0.93
MK-3-3 70.101 18.446 0.104 11.306 0.164 3.0481 0.9453 0.0048 0.9531 0.0091 0.50 98.56 0.94
MK-3-3 69.562 18.666 0.137 11.524 0.109 2.7442 1.2584 0.2831 0.6413 0.0405 38.73 58.08 3.19
MK-10-2 69.636 18.661 0.416 11.188 0.272 3.0321 0.9577 0.0194 0.9445 0.0151 1.98 96.47 1.54
MK-10-2 70.856 18.509 0.337 11.311 0.328 3.0481 0.9384 0.0155 0.9434 0.0180 1.59 96.57 1.84
MK-10-1 69.290 18.637 0.245 10.381 1.158 3.0358 0.9624 0.0115 0.8818 0.0647 1.20 92.04 6.76
MK-10-1 70.637 18.722 0.606 11.200 0.368 3.0363 0.9485 0.0279 0.9334 0.0202 2.84 95.10 2.06
MK-7-3 69.065 18.710 0.419 11.360 0.255 3.0220 0.9649 0.0196 0.9638 0.0142 1.97 96.60 1.43
MK-7-3 69.073 18.631 0.302 11.306 0.218 3.0278 0.9625 0.0142 0.9609 0.0122 1.44 97.33 1.23
MK-7-3 71.552 18.703 0.315 10.963 0.518 3.0535 0.9407 0.0144 0.9071 0.0282 1.52 95.51 2.97
MK-7-3 71.670 18.723 0.280 11.356 0.281 3.0510 0.9394 0.0128 0.9373 0.0153 1.32 97.10 1.58
MK-11-3 70.207 18.654 0.372 11.593 0.235 3.0330 0.9498 0.0172 0.9711 0.013 1.72 96.99 1.29
MK-11-3 68.709 18.069 0.176 11.359 0.294 3.0411 0.9425 0.0083 0.9748 0.0166 0.83 97.50 1.66
MK-11-4 69.148 17.693 0.188 11.150 0.221 3.0609 0.9231 0.0089 0.9570 0.0125 0.91 97.81 1.28
MK-11-4 68.205 17.759 0.212 10.901 0.226 3.0526 0.9368 0.0102 0.9460 0.0129 1.05 97.62 1.33
MK-14-3 70.964 18.211 0.079 11.449 0.107 3.0625 0.9263 0.0037 0.9580 0.0059 0.38 99.01 0.61
MK-14-3 69.338 18.137 0.118 11.217 0.515 3.0467 0.9392 0.0056 0.9556 0.0289 0.56 96.52 2.92

Fig. 8. Classification diagram for the feldspars from the Makou biotite diorite.
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Survey Institute. Euhedral and transparent zircons were chosen and
mounted on epoxy. The zircons were polished, studied/imaged first by
transmitted and reflected light microscopy and then by cath-
odoluminescence (CL) imaging.

Representative zircons were U-Pb dated using a GeoLasPro 193 nm
ComPex 102ArF laser ablation system coupled with an Agilent 7500a
ICP-MS (equipped with Shield Torch) at the School of Resources and
Environmental Engineering (HFUT). Analytical conditions: Beam size:
4–160 μm; Energy intensity range: 1–45 J/cm2; Energy pulse: 200mJ;
Repetition rate: 20 Hz; High purity Ar (carrier gas) and He (compen-
sation gas) (99.999%); 204Pb and 202Hg background < 100 cps. 91,500
standards (Wiedenbeck et al., 1995) were analyzed twice for every five
analyses, and NIST 610 and Mud Tank (Black and Culson, 1978) once
for every ten analyses. Each analysis comprises a background mea-
surement (20–30 s, usually 25 s) and sample measurement (40–50 s,
usually 50 s). Zircon U-Pb concordia plot and weighted average calcu-
lation were done using Isoplot/Ex_ver3 (Ludwig, 2003). Analytical
uncertainties for the zircon U-Th-Pb isotopic ratios and ages were re-
ported in 1σ, and those of weighted average age in 2σ. The low 204Pb
signal and signal interference of 204Hg in the carrier gas mean that
204Pb concentrations cannot be accurately measured, and the EXCEL
ComPbCorr#3.18 procedure was conducted for common Pb correction
(Andersen, 2002).

The 40Ar/39Ar analyses were performed at the Western Australian
Argon Isotope Facility at Curtin University. The samples were step-he-
ated using a 110W Spectron Laser Systems, with a continuous Nd-YAG
(IR; 1064 nm) laser rastered over the sample during 1 min to ensure a
homogenously distributed temperature. The gas was purified in a
stainless steel extraction line using two SAES AP10 getters, a GP50
getter and a liquid nitrogen condensation trap. Ar isotopes were mea-
sured in static mode using a MAP 215–50 mass spectrometer (resolution
of ∼500; sensitivity of 4×10−14 mol/V) with a Balzers SEV 217

electron multiplier mostly using 9–10 cycles of peak-hopping. The data
acquisition was performed with the Argus program written by M.O.
McWilliams and ran under a Lab View environment. The raw data were
processed using the ArArCALC software (Koppers, 2002) and the ages
have been calculated using the decay constants recommended by Renne
et al. (2010). Blanks were monitored every 3–4 steps and typical 40Ar
blanks range from 1×10−16 to 2×10−16 mol. Samples were loaded
into large wells of one 1.9 cm diameter and 0.3 cm depth aluminum
disc. These wells were bracketed by small wells that included Fish

Table 2
EPMA results of the feldspars from the Makou biotite diorite (wt%).

Sample SiO2 Al2O3 CaO Na2O K2O Si Al Ca Na K Ba An Ab Or

MK75-1 67.63 19.92 0.25 11.24 0.33 2.9752 1.0328 0.0118 0.9587 0.0185 0.0000 1.19 96.94 1.87
MK75-2 63.09 21.95 8.37 7.19 0.35 2.7864 1.1425 0.3960 0.6153 0.0196 0.0000 38.41 59.69 1.90
MK75-3 58.29 25.80 7.50 6.88 0.53 2.6313 1.3723 0.3625 0.6025 0.0305 0.0000 36.41 60.52 3.07
MK78-1 54.90 27.00 9.44 7.23 0.49 2.5103 1.4549 0.4625 0.6407 0.0285 0.0000 40.87 56.61 2.52
MK78-2 60.64 19.70 0.00 1.16 15.95 2.8980 1.1093 0.0000 0.1073 0.9727 0.0000 0.00 9.94 90.06
MK78-3 53.14 27.54 10.85 5.42 0.88 2.4662 1.5059 0.5392 0.4872 0.0519 0.0000 50.01 45.18 4.81
MK78-4 63.63 17.76 0.00 1.23 15.34 3.0008 0.9871 0.0000 0.1125 0.9229 0.0000 0.00 9.86 90.14
MK77-1 63.00 21.10 3.29 10.75 0.19 2.8415 1.1216 0.1590 0.9401 0.0109 0.0000 14.32 84.69 0.98
MK77-2 64.14 20.62 0.00 11.14 0.05 2.9227 1.1074 0.0000 0.9842 0.0029 0.0000 0.00 99.71 0.29
MK77-3 60.95 24.23 5.78 9.28 0.25 2.7076 1.2686 0.2751 0.7993 0.0142 0.0000 25.27 73.43 1.30
MK76-1 62.04 23.16 4.50 9.91 0.34 2.7624 1.2154 0.2147 0.8555 0.0193 0.0000 19.70 78.52 1.77
MK76-2 65.04 17.80 0.00 0.59 16.29 3.0162 0.9729 0.0000 0.0530 0.9637 0.0000 0.00 5.22 94.78
MK76-3 64.71 17.73 0.00 0.98 15.42 3.0177 0.9745 0.0000 0.0886 0.9174 0.0000 0.00 8.81 91.19

Fig. 9. Classification diagram of the amphibole from the Makou biotite diorite.

Table 3
EPMA results of the amphibole from the Makou biotite diorite (wt%).

Element MK75 MK77 MK78-1 MK78-2

SiO2 55.37 55.42 57.19 57.64
Al2O3 1.92 1.74 0.73 0.33
CaO 12.24 12.21 10.08 10.00
Na2O 0.78 0.63 2.66 2.58
K2O 0.21 0.18 0.65 0.69
MgO 18.04 17.60 19.79 20.15
FeO 8.79 8.79 6.50 6.23
MnO 0.33 0.39 0.06 0.09
Cr2O3 0.00 0.01 0.01 0.00
TiO2 0.19 0.24 0.48 0.17
Total 97.84 97.20 98.15 97.88
Si 7.82 7.87 7.96 8.03
Al(IV) 0.18 0.13 0.04 0.00
Al(VI) 0.14 0.16 0.08 0.08
Ti 0.02 0.03 0.05 0.02
Fe3+ 0.87 0.94 0.66 0.67
Fe2+ 0.17 0.11 0.10 0.06
Mn 0.04 0.05 0.01 0.01
Mg 3.80 3.73 4.11 4.18
Ca 1.85 1.86 1.50 1.49
Na 0.21 0.17 0.72 0.70
K 0.04 0.03 0.12 0.12
Cation 15.13 15.06 15.34 15.33
OH− 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00
SiT* 7.82 7.87 7.96 8.03
AlT 0.18 0.13 0.04 0.00
AlC 0.14 0.16 0.08 0.08
Fe3+C 0.87 0.94 0.66 0.67
TiC 0.02 0.03 0.05 0.02
MgC 3.80 3.73 4.11 4.18
Fe2+C 0.17 0.11 0.10 0.05
MnC 0.01 0.05 0.00
Fe2+B 0.00 0.00 0.00 0.01
MnB 0.03 0.00 0.01 0.01
CaB 1.85 1.86 1.50 1.49
NaB 0.12 0.14 0.49 0.48
CaA 0.00 0.00 0.00 0.00
NaA 0.09 0.03 0.23 0.21
KA 0.04 0.03 0.12 0.12
Mg# 0.79 0.78 0.84 0.85
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Canyon sanidine (FCs) used as a neutron fluence monitor for which an
age of 28.294 ± 0.036Ma (1σ) was adopted (Renne et al., 2011). The
discs were Cd-shielded (to minimize undesirable nuclear interference
reactions) and irradiated for 40 h in the US Geological Survey nuclear
reactor (Denver, USA) in central position. The mean J-values computed
from standard grains within the small pits range from
0.01059100 ± 0.0000040 (0.15%) to 0.01059100 ± 0.000054
(0.20%) determined as the average and standard deviation of J-values
of the small wells for each irradiation disc. Mass discrimination was
monitored using an automated air pipette and provided a mean value of
1.004396 ± 0.003 per dalton (atomic mass unit) relative to an air ratio
of 298.56 ± 0.31 (Lee et al., 2006). The correction factors for inter-
fering isotopes were (39Ar/37Ar)Ca= 7.30×10−4 (± 11%),
(36Ar/37Ar)Ca= 2.82× 10−4 (± 1%) and (40Ar/39Ar)K= 6.76× 10−4

(± 32%). Our criteria for the determination of plateau are as follows:
plateaus must include at least 70% of 39Ar. The plateau should be
distributed over a minimum of 3 consecutive steps agreeing at 95%
confidence level and satisfying a probability of fit (P) of at least 0.05.

5.2. Zircon U-Pb results

Zircon U-Pb data are listed in Table 5 and U-Pb concordia diagrams
illustrated in Fig. 12. The zircons analyzed are colorless or pale yellow
and tabular prismatic. The zircons also lack inherited cores and meta-
morphic rims, and the clear igneous oscillatory zoning (Fig. 11). The
Th/U data of zircons are from 0.44 to 2.33 which suggest that the
zircons are likely magmatic (Belousova et al., 2001) and their ages
reflect the rock formation age. The Makou biotite diorite and ore-
hosting albitite were zircon U-Pb dated to be 131.2 ± 3.3Ma
(MSWD=1.7; n=13) and 129.6 ± 1.2Ma (MSWD=0.26; n=23),
respectively.

5.3. Phlogopite Ar-Ar results

Plateau ages are 130.76 ± 0.77Ma (MSWD=1.7) (Table 6 and
Fig. 13) are given at the 2σ level and are calculated using the mean of
all the plateau steps, each weighted by the inverse variance of their

Table 4
Major element compositions for the major Makou igneous rocks.

Sample Lithology SiO2 TiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O P2O5 LOI Total

MK72 Biotite diorite 60.10 1.87 16.42 10.67 6.29 4.85 0.25 3.41 3.12 0.98 1.74 100.87
MK11 Na-altered biotite diorite 64.90 0.48 15.20 4.91 1.40 1.40 0.03 7.95 0.30 0.03 2.48 102.44
MK7 Na-altered biotite diorite 66.80 0.52 16.05 2.74 0.98 0.80 0.03 7.99 1.09 0.14 2.07 100.16
ZK501-346 Albitite 64.88 0.88 17.18 0.93 1.86 0.48 0.05 10.15 0.17 <0.01 2.19 100.78
MK17 Quartz syenite porphyry 67.40 0.45 17.35 1.59 0.32 0.30 0.06 4.18 6.74 0.15 1.04 99.81
MK18 Quartz syenite porphyry 62.30 0.46 16.35 3.77 1.60 0.92 0.07 4.50 6.91 0.10 2.59 100.85
ZK401-221 Trachyandesite 58.34 0.76 15.51 3.22 2.03 1.64 0.11 5.21 4.01 0.47 2.78 99.23
ZK401-200 Trachyandesite 56.41 0.65 14.49 3.08 3.33 1.50 0.13 6.89 3.77 0.36 2.80 99.87

Fig. 10. Fluid inclusion photographs of the Makou (a, b). Stage II apatite; (c, d). Stage III quartz. (lv – vapor-liquid two-phase inclusions).
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individual analytical error. Mini-plateaus are defined similarly except
that they include between 50% and 70% of 39Ar. Integrated ages (2σ)
are calculated using the total gas released for each Ar isotope. Inverse
isochrons include the maximum number of steps with a probability of
fit ≥0.05. All sources of uncertainties are included in the calculation.

6. Genesis of the Makou iron mineralization

6.1. Constraints from field geology, mineral and whole-rock geochemistry

In the past, the mineralization-related magmatic rocks were

Fig. 11. CL images of zircons from biotite diorite and albitite in Makou area and their data.
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reported to be syenitic-granitic rocks (Zhou et al., 2012a,b). In this
study, we have found that the quartz syenite porphyry intruded
(Fig. 14a) and disrupted the orebodies along clear intrusive contacts
(Fig. 14b), and its formation was thus post-mineralization. This paper
carried out regional geological mapping in Makou area in order to study
the characteristics and forming mechanism of the ores (Fig. 3). Our field
geology, optical microscopy, and EPMA analyses have identified that
the albitite is the ore-hosting rock. The Makou biotite diorite contains
up to 10.35% total Fe content (Table 4), and suggesting that it was
responsible for the genesis of the ore.

6.2. Constraints from isotopic ages

In this study, the Makou iron mineralization was phlogopite Ar-Ar
dated to be 130.76 ± 0.77Ma, whereas the ore-forming biotite diorite
and ore-hosting albitite were zircon U-Pb dated to be 131.2 ± 3.3Ma
and 129.6 ± 1.2Ma, respectively. These ages are consistent (within
the analytical uncertainties) with each other (ca. 130Ma), further
supporting that the biotite diorite was the ore-forming rocks.

Recent studies suggested that mineralization in the Luzong basin

occurred mainly during the Zhuanqiao volcanic cycle (134.1 ± 1.6Ma,
Duan, 2009; Zhang et al., 2008; Zhou et al., 2010; Fan et al., 2014). The
metallogeny may have commenced with the formation of the Panshiling
volcanic-sedimentary-type iron deposit (ca. 134Ma; coeval with the
volcanic eruptive phase of the Zhuanqiao volcanic cycle), the following
Yueshan Pb-Zn and Jingbian vein-type Cu deposits were formed at ca.
133–132Ma. Soon after that (during the late Zhuanqiao volcanic cy-
cleat ca. 130Ma), porphyrite-related deposits (including Luohe, Nihe,
Longqiao, Mabianshan, Yangshan, Daling and Dabaozhuang) were
formed simultaneously with the Fanshan alunite deposit. Mineraliza-
tion was weaker in the subsequent Shuangmiao volcanic cycle, during
which only a series of A-type granite-related Au-U deposits were formed
(ca. 123–126Ma; Fan et al., 2008). Compared with other deposits in the
Luzong basin (Table 7), it is seen that the Makou magnetite-apatite
deposit was emplaced in albitite or intensely albite-altered biotite
diorite, whereas the Luohe and Nihe deposits were emplaced in the
Zhuanqiao Formation volcanics. The Makou iron ore formation is si-
milar to Luohe and Nihe counterparts, and does not have genetic as-
sociation with quartz syenite porphyry (ca. 127.3 ± 0.8Ma) (Zhou
et al., 2010).

Table 5
LA-ICP-MS zircon U-Pb dating data of the intrusions from biotite diorite and albitite in Makou area.

Sample ×10−6 Th/U 207Pb/206Pb 206Pb/238Pb 208Pb/232Pb 206Pb/238Pb 207Pb/235Pb 208Pb/232Pb

U Th Data 1σ Data 1σ Data 1σ Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ

Albitite
MK2-7-1 1139.4238 875.8162 1.3010 0.0503 0.0032 0.0201 0.0006 0.0073 0.0003 128.0 3.7 133.7 8.1 147.6 6.0
MK2-7-2 950.2814 773.7803 1.2281 0.0486 0.0030 0.0213 0.0007 0.0079 0.0004 135.9 4.2 133.9 7.6 159.2 7.1
MK2-7-3 1385.8148 1498.9621 0.9245 0.0488 0.0026 0.0204 0.0006 0.0068 0.0003 130.0 3.7 130.7 6.4 136.5 5.6
MK2-7-4 509.5758 669.9583 0.7606 0.0541 0.0038 0.0215 0.0007 0.0069 0.0003 136.9 4.2 149.7 9.4 139.3 6.9
MK2-7-5 1202.9344 916.8320 1.3121 0.0477 0.0029 0.0203 0.0006 0.0066 0.0003 129.5 3.8 126.7 7.0 133.9 5.6
MK2-7-6 538.3632 581.8735 0.9252 0.0548 0.0038 0.0209 0.0006 0.0074 0.0003 133.0 4.0 147.0 9.3 148.4 6.4
MK2-7-7 1415.9818 1633.4925 0.8668 0.0507 0.0026 0.0202 0.0006 0.0068 0.0003 129.2 3.6 135.0 6.4 137.6 5.1
MK2-7-8 935.0870 1507.3008 0.6204 0.0448 0.0023 0.0207 0.0006 0.0069 0.0003 131.8 3.8 122.1 5.9 139.3 5.6
MK2-7-9 1992.0937 1173.1979 1.6980 0.0484 0.0027 0.0202 0.0006 0.0064 0.0002 129.0 3.6 129.4 6.9 128.0 4.9
MK2-7-10 854.6224 1362.3746 0.6273 0.0464 0.0026 0.0201 0.0006 0.0060 0.0002 128.6 3.6 123.4 6.4 120.1 4.9
MK2-7-11 1881.6837 1866.5000 1.0081 0.0466 0.0024 0.0202 0.0006 0.0064 0.0002 128.7 3.6 124.2 5.9 129.1 4.7
MK2-7-12 762.5714 595.0900 1.2814 0.0473 0.0032 0.0206 0.0006 0.0070 0.0003 131.6 3.9 127.1 7.6 141.7 5.9
MK2-7-13 1850.0437 1206.2265 1.5337 0.0504 0.0027 0.0202 0.0006 0.0061 0.0002 129.1 3.6 135.2 6.7 122.8 4.7
MK2-7-14 1329.7211 862.5805 1.5416 0.0495 0.0027 0.0201 0.0006 0.0061 0.0002 128.1 3.6 129.9 6.4 123.2 4.7
MK2-7-15 1370.5328 824.9805 1.6613 0.0454 0.0028 0.0205 0.0006 0.0068 0.0003 131.1 3.7 123.7 7.1 137.7 5.3
MK2-7-16 571.9838 449.8180 1.2716 0.0515 0.0032 0.0203 0.0006 0.0065 0.0003 129.5 3.8 136.8 8.0 130.4 5.4
MK2-7-17 966.0404 911.7147 1.0596 0.0502 0.0026 0.0212 0.0006 0.0069 0.0003 135.2 3.8 139.3 6.8 138.6 5.2
MK2-7-18 487.2339 518.6717 0.9394 0.0534 0.0033 0.0209 0.0006 0.0067 0.0003 133.6 3.8 146.9 8.6 135.7 5.4
MK2-7-19 1270.2945 906.1101 1.4019 0.0457 0.0026 0.0209 0.0006 0.0069 0.0003 133.4 3.7 125.3 6.4 139.0 5.1
MK2-7-20 285.7818 432.0596 0.6614 0.0508 0.0034 0.0219 0.0006 0.0074 0.0003 139.6 4.1 143.2 8.4 150.0 6.5
MK2-7-21 945.7789 1284.9927 0.7360 0.0485 0.0026 0.0208 0.0006 0.0068 0.0003 132.9 3.7 132.6 6.4 137.1 5.2
MK2-7-22 1516.6728 1209.9933 1.2535 0.0492 0.0025 0.0216 0.0006 0.0074 0.0003 137.8 3.8 139.2 6.4 148.6 5.4
MK2-7-23 906.5393 807.7875 1.1222 0.0497 0.0031 0.0214 0.0006 0.0072 0.0003 136.2 3.9 138.6 7.6 145.1 5.9
MK2-7-24 1225.1762 922.7289 1.3278 0.0499 0.0026 0.0212 0.0006 0.0069 0.0003 135.5 3.8 138.2 6.4 139.5 5.2
MK2-7-25 671.8418 619.3738 1.0847 0.0499 0.0029 0.0202 0.0003 0.0067 0.0002 129.1 2.1 132.0 7.0 135.7 4.4
MK2-7-26 461.8229 396.6412 1.1643 0.0520 0.0033 0.0204 0.0004 0.0069 0.0002 130.2 2.5 136.9 7.5 139.0 4.8
MK2-7-27 547.4645 419.8749 1.3039 0.0489 0.0030 0.0204 0.0003 0.0066 0.0002 130.2 2.1 129.8 7.0 133.0 4.3
MK2-7-28 362.6079 398.2700 0.9105 0.0530 0.0036 0.0203 0.0004 0.0063 0.0002 129.2 2.3 138.6 8.3 126.2 4.5
MK2-7-29 619.4561 500.9572 1.2365 0.0545 0.0039 0.0203 0.0004 0.0071 0.0002 129.5 2.2 142.2 9.1 143.1 5.0
MK2-7-30 791.5573 499.1811 1.5857 0.0466 0.0028 0.0199 0.0003 0.0065 0.0002 127.0 2.1 121.8 6.7 130.1 3.9
MK2-7-31 1107.4054 814.8517 1.3590 0.0522 0.0026 0.0203 0.0003 0.0067 0.0002 129.6 1.9 138.5 6.4 134.7 3.9

Biotite diorite
MK73-01 578.4064 1348.1870 2.3309 0.0482 0.0038 0.0207 0.0007 0.0063 0.0003 126.1 3.8 126.4 7.7 121.2 6.3
MK73-02 604.7459 391.6106 0.6476 0.0448 0.0032 0.0200 0.0006 0.0061 0.0003 131.4 4.1 130.8 9.3 126.1 5.4
MK73-03 631.8006 277.2858 0.4389 0.0525 0.0038 0.0189 0.0006 0.0065 0.0003 122.4 4.0 123.9 8.4 133.1 7.7
MK73-04 1660.2360 1948.2571 1.1735 0.0535 0.0031 0.0201 0.0006 0.0071 0.0003 131.9 4.0 137.6 8.0 149.7 6.9
MK73-05 759.1455 554.0223 0.7298 0.0609 0.0042 0.0189 0.0006 0.0067 0.0003 136.2 4.2 140.6 10.0 233.8 16.5
MK73-06 990.5897 487.6280 0.4923 0.0641 0.0044 0.0211 0.0007 0.0064 0.0004 135.5 4.3 140.1 9.9 131.2 7.5
MK73-07 6218.7149 8265.9259 1.3292 0.0675 0.0048 0.0196 0.0006 0.0092 0.0005 118.4 3.9 128.4 9.7 136.5 7.6
MK73-08 6158.7627 7967.6700 1.2937 0.0638 0.0031 0.0169 0.0005 0.0048 0.0002 134.6. 4.2 147.6 8.1 177.5 9.4
MK73-09 387.5459 183.9269 0.4746 0.0708 0.0060 0.0206 0.0007 0.0080 0.0005 123.0 4.1 130.4 10.1 141.9 9.0
MK73-10 319.8151 259.7931 0.8123 0.0714 0.0065 0.0229 0.0008 0.0090 0.0005 138.7 4.9 144.6 9.2 176.8 9.5
MK73-11 515.9108 289.9757 0.5621 0.0696 0.0053 0.0201 0.0006 0.0086 0.0004 128.3 4.2 132.9 8.4 173.2 9.5
MK73-12 321.4719 547.0613 1.7017 0.0763 0.0081 0.0205 0.0007 0.0069 0.0004 131.0 4.8 137.5 7.9 139.6 7.2
MK73-13 6462.5150 3992.7674 0.6178 0.0692 0.0038 0.0164 0.0005 0.0065 0.0019 132.4 4.7 138.5 10.8 160.8 9.7
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6.3. Tectonic setting

The Makou iron mineral system (ca. 130Ma) was formed in the late-
stage of the Zhuanqiao volcanic cycle, which was broadly coeval with
the shoshonitic magmatism (and associated metallogeny) in the con-
tinental volcanic basins of the MLYB (ca. 135–127Ma; Zhou et al.,
2010). We propose that during the late-stage of the Zhuanqiao volcanic
cycle, the dioritic magma that intruded into the lower part of the

Zhuanqiao Formation may have carried significant amounts of iron,
sulfur and volatiles (e.g., H2O, Cl2, S2, H2S, SO2, SO3, H2 and CO2)
(Knipping et al. 2015a; Knipping et al. 2015b, and Ningwu Iron Ore
Research Group, 1978). The magma, after entering the shallow magma
chamber(s), may have altered the Zhuanqiao volcanic country rocks.
The albite growth rims around oligoclase in the biotite diorite in-
dicating the gradual Na-enrichment in the residual magma, which
produced strong sodic alteration of the biotite diorite and formed

Fig. 12. Zircon U-Pb concordant diagrams for the Makou (left) albitite and (right) biotite diorite.

Table 6
40Ar-39Ar data for the Makou phlogopite.

Incremental heating Temperature 36Ar(a) [V] 37Ar(ca) [V] 38Ar(cl) [V] 39Ar(k) [V] 40Ar(r) [V] Age (Ma) ±2 s 40Ar(r) (%) 39Ar(r) (%)

6M43110D 81 °C 0.0000386 0.0001099 0.0000000 0.0049578 0.0368828 137.13 ±27.09 76.19 0.61
6M43111D 81 °C 0.0000526 0.0002580 0.0000094 0.0058337 0.0407281 128.98 ±24.20 72.17 0.72
6M43113D 82 °C 0.0000749 0.0002746 0.0000298 0.0132471 0.0965553 134.46 ±9.79 81.19 1.64
6M43115D 83 °C 0.0001299 0.0000280 0.0000270 0.0301418 0.2216122 135.59 ±4.77 85.10 3.72
6M43116D 84 °C 0.0000687 0.0001881 0.0000000 0.0189871 0.1388326 134.87 ±7.12 87.12 2.35
6M43117D 85 °C 0.0001975 0.0001409 0.0000614 0.0647989 0.4674904 133.13 ±2.35 88.79 8.00
6M43118D 86 °C 0.0003334 0.0005082 0.0001440 0.1730880 1.2401097 132.25 ±1.92 92.56 21.38
6M43120D 87 °C 0.0005288 0.0005460 0.0003297 0.3887731 2.7421159 130.26 ±0.67 94.55 48.02
6M43121D 88 °C 0.0000765 0.0003697 0.0000640 0.0549931 0.3895072 130.79 ±2.92 94.45 6.79
6M43122D 89 °C 0.0001249 0.0003791 0.0000557 0.0364576 0.2555258 129.47 ±4.40 87.26 4.50

Fig. 13. 40Ar-39Ar spectrum and isochron age diagram for the Makou phlogopite.

L. Nie et al. Ore Geology Reviews 91 (2017) 264–277

275



massive albitite. The accumulation of hydrothermal fluids (with lower
Na content due to its consumption by Na-alteration) may have led to
the doming of the overlying wall rocks and fracture formation. The Fe,
Ca, Mg and SiO2 carried by the ascending fluids may have generated the
Fe-Mg-Ca replacement, forming diopside, magnetite, ilmenite, apatite,
biotite and phlogopite in the dark colored alteration zone at Makou. At
the late stage of the fluid evolution, the fluid was extremely acidic and
produced a wide range of light colored alteration (Ningwu Iron Ore
Research Group, 1978). The decreasing temperature and involvement
of meteoric water may have altered the early anhydrous alteration
minerals (e.g., pyroxene) into hydrous ones (e.g., chlorite). The late
stage alteration/mineralization features a paramagnetic mineral se-
quence of pyrite+ chalcopyrite, followed by quartz+ chlorite+
minor hematite, and then eventually by calcite+ dolomite+ ser-
icite+ talc. The latter mineral assemblage makes up the light-color
alteration zone at Makou.

Zhou et al. (2008) considered that the MLYB metallogeny could be
divided into three stages, i.e., ca. 145–137Ma (Fe-Cu-Au), ca.
135–127Ma (Fe) and ca. 126Ma (Cu-Pb-Zn-Au-U), and that there was a
compressive-extensional tectonic transition at ca. 130Ma. Mao et al.
(2010) suggests that the Jurassic-Early Cretaceous magmatism was
associated with the subduction of the Izanagi plate at a shallow angle or
flat-slab subduction beneath the eastern China continent (Pirajno and
Zhou, 2015). But the Early Cretaceous magmatism was related to li-
thospheric upwelling and partial melting of the lower crust, induced by
a change in Izanagi plate motion parallel to the continent margin. These
tectonic activities may have formed the volcanic basins and rifts in
eastern China, and the associated intraplate magmatism and miner-
alization, including porphyry- and skarn-related and vein-type precious
metal deposits (Mao et al., 2011). The post 130Ma regional extension
may have formed the post-orogenic A-/I-type granitoids and alkaline

magmatic rocks .The change from regional compression to extension
was suggested to be related to mantle upwelling, lower-crustal partial
melting and basaltic under plating, and the Makou iron metallogeny
may have been a product of this tectonic transition.

7. Conclusions

(1) The Makou iron mineralization in the Luzong basin is albitite-
hosted, and comprises the albite alteration (Stage I), magnetite
mineralization (Stage II), quartz-sulfide alteration (Stage III) and
carbonate alteration (Stage IV) stages.

(2) The ore-hosting albitite and ore causative biotite diorite were
zircon U-Pb dated to be 129.6 ± 1.2Ma and 131.2 ± 3.3Ma, re-
spectively. Protoliths of the albitite may have been the biotite
diorite, as both were formed at around 130Ma and partial albite
alteration of the latter was found close to the mine.

(3) Fluid inclusions from Stage II apatite homogenized at
252.2–322.6 °C (average 279 °C), whilst those from Stage III quartz
homogenized at 120.1–189.2 °C (average 163.1 °C), all lower than
the magnetite-apatite deposits or magnetite-apatite deposit in the
Ningwu and Luzong basins.

(4) Makou is best classified as a magnetite-apatite deposit and the ore
causative rock being biotite diorite, but not quartz syenite porphyry
related as previously suggested.
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Table 7
Summary of the nature of the iron mineralization of the major porphyrite-type Iron deposits in the Luzong basin.

Deposit Luohe Nihe Makou

Occurrence Zhuanqiao Fm. trachyandesite Subvolcanic porphyrite Albitite
Orebody Vein, stockwork (upper part), breccia, massive,
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Veinlet-disseminated Vein, disseminated, massive

Ore texture Anhedral, medium-coarse-grained euhedral to
subhedral

Fine-grained anhedral, medium-grained
euhedral to subhedral

Anhedral, medium-grained euhedral to subhedral

Mineral assemblage Di-Anh-Mag Di-Anh-Mag Mag-Ap-Di
Ore mineral alteration Mag→Hem Mag→Hem Mag→Hem
Associated ore deposits Gypsum, pyrite Gypsum, pyrite Nil
Wall rock alteration Upper part: (dark color) Di- Anh-Mag, chl, epi,

carbonate
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Metallogenic age 130Ma 131Ma 127Ma
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